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ABSTRACT 


The  status  of  research  efforts  designed  to  explain 
physical  phenomena  associated  with  the  operation  of  aerodynamic 
accelerators,  in  particular  textile  type  parachutes,  is  pre¬ 
sented.  A  theoretical  approach  to  calculate  the  velocity  and 
pressure  distribution  in  the  turbulent  wake  of  basic  bodies 
of  revolution  is  outlined  and  compared  to  actual  test  results. 
The  concept  of  the  effective  porosity  of  textile  materials 
is  developed,  and  its  influent _•  ...  .  e  aerodynamic  and  open¬ 

ing  characteristics  of  com <.  ntional  textile  parachute  canopies 
is  discussed.  The  results  of  research  efforts  to  reduce  para¬ 
chute  inflation  time  with  minor  increase  of  opening  force 
are  presented. 


PUBLICATION  REVIEW 

The  publication  of  this  report  does  not  constitute 
approval  by  the  Air  Force  of  the  findings  or  conclusions 
contained  herein.  It  is  published  only  for  the  exchange  and 
stimulation  of  ideas. 
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SECTION  1 


INTRODUCTION  * 


The  term  aerodynamic  retardation  shall  encompass  all 
matters  concerning  the  reduction  of  the  velocity  of  an  air¬ 
borne  object  by  means  of  devices  whose  principal  purpose  is 
to  produce  aerodynamic  drag.  In  this  sense,  arrangements 
which  produce  a  retarding  force  through  the  conversion  of 
stored  energy  such  as  retro -rock  ts  or  jet  engine  thrust 
reversers  shall  be  excluder,  from  this  'rseussion. 

Retardation  devi :  j  are  needed  for  operation  at  sub¬ 
sonic  as  well  as  at  supei  sonic  speeds  and,  similar-  to  the 
methods  in  conventional  -erodynamics,  one  has  to  pursue 
research  efforts  in  both  principal  flow  regimes. 

In  view  of  the  drag  per  unit  of  storage  volume  or 
weight,  the  conventional  parachute  may  be  considered  as  a 
highly  efficient  device.  However,  the  requirements  of 
stability,  reproducibility  of  performance,  and  proper 
functioning  at  supersonic  speed  cannot  be  satisfied  with 
just  one  efficient  type  of  parachute,  and  more  sophisticated 

*This  report  is  based  on  a  presentation  before  the  Wissen- 
schaftliche  Gesellschaft  fuer  Luftfahrt,  Hamburg,  Germany 
in  1959. 


Manuscript  released  by  the  author  on  18  October  i960  for 
publication  as  a  WADD  Technical  Note. 
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forms  such  as  flat  plates,  cones,  truncated  cones,  ana 
spheres  have  to  be  considered. 

As  a  design  principle,  it  is  desirable  to  achieve  the 
effective  fora  of  the  retardation  device  through  self- 
inrlation,  which  means  the  rigidity  of  the  drag  producing 
object  has  to  be  derived  from  a  careful  balance  between  the 
pressure  distribution  on  the  object  and  the  static  equilibrium 
of  the  structure  of  the  entirely  flexible  object.  It  should 
oe  stated  that  at  present  this  prcM^n  has  been  solved 
satisfactorily  for  subsonic  bui  not  suue*">.ic  velocities. 


2 


SECTION  2 


THE  WAKE  EFFECTS 


An  additional  con-plication  arises  from  the  fact  that, 
conventionally,  retardation  devices  are  located  in  the 
turbulent  sake  of  the  suspended  load,  which  shall  be  called 
the  primary  body.  The  retardation  device  will  be  called  the 
secondary  body.  The  ultimate  objective  for  problems  of  aero¬ 
dynamic  retardation  is,  of  course ,  the  determination  of  the 
drag  of  the  system  consistjnj  of  prinx  and  secondary  body. 
However,  the  mechanism  of  he  turbulent  wake  of  the  primary 
body  alone  is  already  ver:  complicated  and,  to  speak  with 
Schlichting  (Ref  l),  it  j  doubtful  that  a  complete  under¬ 
standing  of  this  subject  can  ever  be  achieved. 

Since  fo-  aerodynamic  retardation  a  solution  is 
needed  which  provides,  with  a  reasonable  effort,  numerical 
results,  a  new  attempt  is  now  under  way  which  emphasizes  the 
determination  of  the  total  drag  of  the  two -body  system.  The 
first  step  in  this  analysis  is  the  determination  of  the 
velocity  distribution  of  the  turbulent  wake  which  is  schem¬ 
atically  presented  in  Fig  2-1. 

Based  on  classical  relationships  by  Prandtl  and 
Schlichting,  Swain  (Ref  2)  proposed  an  equation  of  motion 
and  derived  an  equation  predicting  the  local  velocity  in  the 
turbulent  wake,  indicated  in  Fig  2-1.  The  symbols  in  the 
Prandtl-Schlichting  relationship,  in  Swain’s  equations. 
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FIG  2-1.  SCHEMATIC  PRESENTATION  OF  THE 
VELOCITY  DISTRIBUTION  OF  THE  TUR¬ 
BULENT  WAKE 
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ana  in  fche  Heinrieh-Riabokln  relationships  presented  in  Pig 
2-1  are  defined  as  follows: 

A,  KjTJjTJ1  -  Coefficients  of  proportionality 
CD  =  Drag  coefficient 

=  Constant  of  integration 
D  =  Diameter  of  body  of  revolution 

S  =  rr  D2/4 

Uo  =  Velocity  of  the  undisturbed  fluid 

V  =  Component  of  velocity  in  wake 

b  =  Width  A'  i ne  of  wake 

L  =  "Mi.--  ihungsweg  "  -  mixing  distance 

=  An  ^pirical  constant 
X,  Y  =  Cz.  esian  coordinates 

X,  r  =  Cylindrical  coordinates. 

In  the  new  approach  (Ref  3)  an  exponential  function 
for  the  local  velocity  was  postulated  which  satisfies  Swain's 
equation  of  motion  expressed  in  terms  of  Prandtl's  basic 
relationship.  The  exponential  function  includes  two  so  far 
unknown  coefficients  A  and  K.  If  now  Swain's  solution  is 
considered  to  be  a  useful  approximation,  it  can  be  used  for 
the  determination  of  these  unknown  coefficients  in  the  new 
approach*  Tills  has  been  done  through  the  comparison  of  the 
drag-  momentum  relationship  expressed  in  Swain's  terms  and  by 
means  of  the  exponential  function  for  the  local  velocity.  In 
this  manner  one  can  replace  the  coefficients  A  and  K  by 
known  terms,  and  the  method  under  Ref  3  derives  a  relatively 
simple  expression  for  the  velocity  distribution- 
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The  application  of  the  new  method  to  actual  cases 
appears  to  be  easier  than  the  older  ones,  but  it  remains  to 
be  seen  how  good  the  new  method  is.  Figure  2-2  shows  a  com¬ 
parison  between  the  available  analytical  and  experimental 
treatments  of  the  subject.  One  recognizes  that  the  approach 
in  accordance  to  Ref  3  provides  good  agreement  over  a  large 
region  of  the  wake,  and  deviates  from  available  experimental 
da  La  merely  at  the  peripheral  section.  (The  term  ,:z"  relates 
the  local  velocity  "U"  to  the  partis e'looity,  U  =  ^max/  2, 
and  the  radius  at  which  this  oc  *.urs .  For  details  see  Ref  3.) 

On  the  basis  of  this  cc  nparison  the  new  method  appears 
to  be  useful,  and  it  shall  be  sed  for  the  pursuit  of  further 
wake  problems,  one  of  which  shall  be  the  determination  of  the 
pressure  distribution  in  the  wake  of  a  primary  body  consisting 
of  an  ogive -cylinder.  As  the  first  step  in  this  effort  the 
wake  was  surveyed;  the  results  of  the  measurements  are 
shown  in  Fig  2-3. 

From  these  results  one  can  derive  the  &  -values  used 
previously  in  the  analytical  treatment  and  one  can  then  com¬ 
pare  the  experiments  with  the  theory.  It  is  apparent  that 
the  ^  -value  will  depend  on  the  L/D  position  from  which  it 
was  obtained.  Connected  herewith  is  the  fact  that  the 
quality  of  approximation  derived  for  one  particular  ^ -value 
will  differ  for  the  various  cross  sections.  An  inspection 
of  Figs  2-4  through  2-6  indicates  clearly  these  circumstances. 
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FIG  2-2.  VELOCITY  DISTRIBUTION  IN  ACCORDANCE 
WITH  ANALYTICAL  AND  EXPERIMENTAL  STUDIES 
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FIG  2-3.  EXPERIMENTAL  PRESSURE  DISTRIBUTION 
THE  WAKE  OF  A  BO  i'  OF  REVOLUTION 
(  C0=  0.35) 
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It  is  significant  to  note  that  the  pressure  on  the  center- 
line  always  can  be  matched  by  the  theory,  while  the  analytical 
prediction  deviates  considerably  in  the  peripheral  part, 
particularly  when  the  control  section  is  relatively  close  to 
the  base  of  the  primary  body. 

In  Ref  3,  certain  ^.-values  as  a  function  of  the  dis¬ 
tance  X/D  are  suggested. 

The  next  step,  in  view  of  the  prime  objective,  is  the 
determination  of  the  drag  of  secov--:1'-  •  •'^ies  located  at 
various  positions  in  the  turbu.  „nt  wake.  _nce  analytical 
or  semi -analytical  approaches,  ire  not  available  at  this  time, 
the  study  r  /  begin  with  the  easurement  of  the  drag  of 
some  potential  secondary  bodits.  Pig  2-7  shows  the  basic 
secondary  bodies  under  consideration  and  their  free-stream 
drag  coefficients  as  well  as  their  drag  coefficients  at 
various  locations  behind  the  primary  body.  It  should  be 
mentioned  that  in  this  table  the  diameter  of  the  primary 
body  is  half  that  of  the  secondary,  and  L  denotes  the  distance 
between  the  base  of  the  primary  and  the  leading  point  or 
plane  of  the  se  ondary  body.  Figures  2-8  and  2-9  present 
graphically  the  same  results. 

Attempts  are  now  being  made  to  find  a  generalization 
of  the  relationship  of  drag  to  size  and  location  of  the 
primary  and  secondary  bodies,  with  the  total  pressure  in  the 
centerline  of  the  system  as  independent  variable.  Preliminary 
results  are  encouraging,  but  at  this  time  they  are  not 
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ready  for  publication. 

For  the  compressible  flow  regime,  similar  information 
is  needed.  However,  its  achievement  is  much  more  costly  and 
time  consuming.  Also,  the  strong  effect  of  Mach  number  and 
the  variation  of  the  base  pressure  of  the  primary  body  due 
to  the  presence  of  the  secondary  are  further  complications. 
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A  few  sample  results  of  the  wake  study  in  compressible 
flow  are  shown  in  Figs  2-10  through  2-12.  One  recognizes 
all  the  significant  phenomena  of  the  wake  effect  in  sub¬ 
sonic  flow  with  the  addition  of  the  change  in  base  pressure 
of  the  primary  body,  which  leads  to  a  noticeable  variation 
of  the  drag  of  the  system  depending,  among  other  things,  on 
the  location  of  the  secondary  body. 

Studies  of  this  nature  are  being  continued  and  will 
be  carried  to  higher  Mach  numbers  (Ref  6). 
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Returning  for  the  tine  being  to  the  more  conventional 
parachutes,  it  appears  to  be  important  to  review  the  basic 
aerodynamic  characteristics  of  the  principal  types  of  the 
common  parachutes. 

In  connection  with  Pigs  3-1  through  3-5 ^  the  principal 
types  of  the  presently  known  p****.  1 — ^es  shall  be  briefly 
described. 

All  solid  flat  par'  nu~es  with  medium:  porosity  are 
aerodyn  ncally  unstable  .  oout  the  position  of  zero  degree 
angle  of  attack.  Since  t  .a  pull  of  the  suspended  load  is 
vertical,  all  these  parachutes  will,  with  respect  to  the 
vertical,  either  oscillate,  glide,  or  perform  a  combined 
motion.  The  ringslot  parachutes,  with  considerably  higher 
geometric  porosity,  are  aerodynamdcally  more  stable  than  any 
of  the  medium  porosity  solid  cloth  parachutes.  The  ribbon 
parachutes  belong  also  to  the  family  of  controlled  geometric 
porosity:  however,  the  individual  units  of  material  and  open 
space  are  smaller  than  those  of  the  ringslot  parachute,  and 
ribbon  parachutes  are  in  general  statically  and  dynamically 
more  stable  than  ringslot  parachutes.  The  formed  gore  para¬ 
chutes  attempt  to  Influence  the  parachute  behavior  through 
the  shape  of  the  canopy,  and  are  characterized  by  the  drawn 
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FIG  3-1.  SOLID  FLAT  PARACHUTES 


FIG  3-2.  RINGSLOT  PARACHUTE 
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FIG  3-3.  RIBBON  PARACHUTES 
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FIG  3-4.  FORMED  GORE  PARACHUTES 
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in  skirt.  These  parachutes  are  generally  more  stable  than 
the  solid  flat  parachutes  with  the  same  cloth  porosity  and 
the  same  size.  The  most  successful  type  in  this  family  is 
the  extended  skirt  parachute. 

In  the  design  of  the  guide  surface  parachutes,  the 
concept  of  parachute  shaping  has  been  carried  considerably 
farther.  They  are  made  of  relatively  low-porosity  cloth, 
and  are  characterized  by  a  pronounced  conical  surface  at 
the  lower  portion  of  the  canopy.  The  guide  surface  para¬ 
chutes  are  the  most  stable  j>  .rachuces  J-.  their  respective 
classes.  Three  standard  -pes  have  been  developed,  namely, 
for  stabilization  with  a  '.inimum  amount  of  drag,  for  stabil¬ 
ization  and  retardation,  .nd  for  primary  retardation  purposes 
(with  a  stability  characteristic  better  than  the  extended 
skirt  but  not  a>  good  as  the  ribbon  parachute). 

These  are  only  the  more  common  types;  numerous  other 
designs  have  been  proposed  with  more  but  minor  variations. 
Their  performance  characteristics  are  within  the  limits  of 
the  discussed  types.  Rotating  parachutes  represent  an 
entirely  new  group  and  may  gain  significance.  However,  it 
is  too  early  to  make  definite  statements. 

The  stability  behavior  of  a  parachute  depends  pri¬ 
marily  on  its  static  stability.  If  the  angle  of  attack  is 
measured  between  the  longitudinal  axis  of  the  parachute  and 
the  direction  of  the  undisturbed  flow,  and  stability  is 
defined  by  an  aerodynamic  moment  opposing  the  deflection 
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from  the  zero  position  (CM>  0  f or  ©C  >  0)  and  a  positive 
dC^/doc. ,  the  stability  characteristics  of  a  number  of  para¬ 
chutes  can  be  recognized  from  Pigs  3-6  through  3-8. 

These  figures  show  a  number  of  facts  which  indicate 
the  significance  of  the  porosity  of  the  canopy  material  upon 
the  aerodynamic  stability  of  the  parachute. 

Figure  3-6  shows  that  the  rigid  but  slotted  hemi¬ 
sphere,  an  idealized  Ribbon  parachute,  i  s  unstable  at  its 
zero  position  even  when  the  open  areas  amount  to  35$  of  the 
entire  surface.  The  flexibility  of  texco ' .  material  and  the 
deviation  from  the  hemispheric* 1  form  is  needed  to  make  a 
real  ribbon  parachute  stable. 

Figure  3-7  shows  that.  hollow  truncated  cone,  repre¬ 
sented  by  a  guide  surface  parachute,  is  statically  stable 
and  depends  only  lightly  on  porosity. 

Figure  3-8  shows  that  solid  cloth  parachutes,  which 
are  unstable  when  built  out  of  non-porous  flexible  material, 
do  become  stable  if  a  high  degree  of  porosity  is  allowed. 
However,  one  has  to  consider  that  parachutes  with  a  very 
high  porosity  may  fail  to  inflate,  which  generally  impairs 
their  usefulness. 

Figures  3-3  arid  3-10  show,  for  the  same  parachutes, 
the  normal  and  tangential  force  coefficients  and  their 
dependency  on  the  cloth  porosity. 

A  further  analysis  of  these  results  appears  to  be 
interesting  and  desirable. 
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GUIDE  SURFACE  FARACHUTE.TEXTILE 
MODEL.  NOMINAL  POROSli  Y=10CF&r  .■ 
EFFECTIVE  POROSITY:  0.1 - 
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The  next  large  problem  area  of  parachutes  is  the  time 
of  inflation  and  the  opening  force,  and  Figs  3-11  through 
3-13  illustrate  the  characteristic  features  of  opening  time 
and  opening  force  versus  velocity  and  altitude.  It  may  be 
surprising  that  for  constant  indicated  air  speed,  ail  known 
solid  cloth  parachutes  show  a  remarkable  increase  of  opening 
force  with  increasing  altitude.  In  a  descriptive  manner 
this  phenomenon  may  be  understood  if  one  considers  the  process 
of  inflation  of  a  parachute  as  a  c'  ange  of  momentum,  and  the 
time  duration  of  this  process  ,'ollcws  i  •  .1  the  mass  balance 
between  the  entering  air  a-  the  air  lost  through  the  porous 
material  of  the  parachute  c  mopy.  If  now  the  ratio  between 
the  escaping  and  entering  .  i.r,  so  to  speak,  the  effective 
porosity  of  the  material,  decreases  with  altitude,  which 
physically  means  with  decreasing  air  density,  the  faster 
inflation  and  higher  average  opening  force  can  be  understood. 

A  quantitative  treatment  of  this  process  will  be  given  later. 
For  the  time  being  a  statement  may  be  accepted  that  the  por¬ 
osity  of  the  material  and  its  change  with  density,  which 
represents  merely  a  dependency  of  the  screen  drag  of  the 
material  with  Reynolds  number,  primarily  cause  the  increase 
of  opening  force  with  altitude  (Refs  7  ana  8) . 

In  summary,  the  porosity  of  the  parachute  material 
influences  strongly  not  only  the  static  stability,  side 
force,  and  drag,  but  also  the  dynamics  of  the  opening 
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FIG  3-13.  OPENING  FORCE  OF  THE  CIRCULAR  FLAT 
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parachute,  and  a  detailed  investigation  of  the  porosity- 
characteristics  of  textile  materials  appears  to  be  highly 
desirable. 
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SECTION  4 


THE  EFFECTIVE  POROSITY 
4.0  Introduction 

As  discussed  in  the  preceding  section,  it  is  known 
that  the  opening  shock  of  solid  cloth  parachutes  increases 
with  altitude ;  also,  the  oscillations  of  basically  unstable 
parachutes  become  more  violent  (Refs  9  and  10 ). 

Attempts  have  been  made  to  explain  the  change  of  the 
inflation  characteristics  thr'.ugu  effect  of  the  apparent 
mass  and  the  mass  of  air  included  in  trx-  parachute  canopy 
(Ref  ll).  The  variation  <.  f  the  stability  behavior  of  a  para¬ 
chute  may  in  part  also  b<-  attributed  to  the  effect  of  apparent 
and  included  mass,  because  the  motion  of  a  freely  descending 
parachute  is  a  matter  of  dynamic  stability  in  which  the 
related  air  masses  are  significant  terms. 

However,  it  is  also  known  that  the  stability  behavior 
of  a  parachute  depends  on  the  porosity  of  its  canopy  (Refs 
12  and  13).  In  combination  with  experience  at  higher  alti¬ 
tudes,  this  leads  to  the  conclusion  that  the  porosity  or  air 
permeability  of  woven  sheets  is  effectively  being  reduced  at 
higher  altitudes.  If  this  assumption  is  correct,  it  would 
also,  at  least  in  part,  account  for  the  increase  of  opening 
shock  with  altitude. 

These  aspects  are  discussed  in  Ref  14,  where  it  was 
also  shown  that  the  apparent  mass  of  a  parachute  varies  with 
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the  porosity  of  the  canopy.  In  view  of  this  interaction  of 
performance  characteristics  and  porosity,  studies  were  made 
in  which  the  air  flow  through  woven  porous  sheets  was  meas¬ 
ured,  and  correlated  with  air  density  and  pressure.  The 
results  of  these  efforts  will  he  presented  in  the  following 
sections  of  this  report. 

4.1  List  of  Symbols 

U  =  Average  velocity  of  flow  through  porous 

surface 

V  =  Free  stream  velio^.^ 

p  =  Density 

fo  =  Density  at  .ea  level 

o-  =  Density  ra'  o 

/j.  =  Viscosity 

P-0  =  Viscosity  at  sea  level 

C  =  U/V  =  Effective  porosity 
C0  =  Effective  porosity  at  sea  level 

Q,  =  Flow  rate 

A  p  =  Pressure  differential  across  porous 

material 

A  Pcrit  =  Pressure  differential  across  porous 

material  necessary  for  sonic  velocity 
in  the  openings 

n  =  Exponent  as  defined  in  equation  (4.10). 
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Definition  of  the  Effective  Porosity 
The  porosity,  also  called  air  permeability,  is 
conventionally  expressed  as  the  volumetric  flow  rate  of  air 
per  unit  of  cloth  area  under  a  certain  differential  pressure. 
Figure  4-1  shows  a  typical  diagram  of  this  nominal  porosity 
versus  differential  pressure  for  three  commonly  used  para¬ 
chute  materials . 

For  performance  calculations,  a  dimensionless  term 
is  preferable  which,  for  exam1''1'  rid  relate  the  average 
velocity,  U,  through  the  pc  jus  surfac-  to  the  dynamic  pres¬ 
sure  of  a  fictitious  velc  .  .ty,  V.  Figure  4-2  shows  schem- 
atical]  the  cloth  as  a  f  id  in  free  air  flow.  The  velocity 
in  the  free  stream  shall  re  V,  and  its  related  dynamic 
pressure,  (  p / 2)  V2,  shall  be  assumed  to  be  identical  to 
the  differential  pressure,  Ap,  across  the  cloth.  The  ratio 
U/V  shall  be  called  the  "effective  porosity."  Figure  4-3 
shows  the  effective  porosity  of  the  previously  mentioned 
parachute  materials . 

Considering  the  cloth  as  a  porous  screen  leads  to 
the  idea  of  treating  the  flow  through  the  cloth  as  a  function 
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NOMINAL  POROSITY- Ft7F{‘_Min 


MATERIALS  VERSUS  DIFFERENTIAL  PRESSURE 
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EFFECTIVE  POROSITY  C  = -£- 


WiTH  AP  =  4-  V  .  c=  -~= 

2  .  /TSj 


FIG  4-2.  DERIVATION  OF  THE  TERM  EFFECTIVE  POROSITY 


DIFFERENTIAL  PRESSURE  -  L B / FT- 

FIG  4-3.  THE  EFFECTIVE  POROSITY  OF  PARACHUTE  MATERIALS 

VERSUS  DIFFERENTIAL  PRESSURE. 
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of  the  ratio  of  the  open  to  the  solid  area  and  as  a  consequence 
of  the  air  resistance  of.'  the  individual  threads .  If  one 
further  assumes  that  the  threads  or  yarns  are  circular 
cylinders ,  one  may  attempt  to  compute  the  air  resistance  of 
the  woven  sheet  from  the  viscous  drag  of  the  individual 
cylinders .  A  number  of  investigations  have  been  carried  out 
in  this  manner  (Refs  15,  l6,  and  17).  However,  the  micro¬ 
scopic  photographs  of  the  four  s  uu**.,  ,erials  shown  in 
Fig  4-4  indicate  that  the  assviiiption  of  a  s5.mple  geometry 
for  the  cloth  may  be  an  over,  .unplification,  and  a  purely 
analytical  treatment  of  the  ',ag  problem  could  not  encompass 
a  number  of  eventually  very  .iignif leant  characteristics. 
Therefore,  the  actual  mass  flow  through  the  cloth  has  been 
measured. 

Figures  4-1  and  4-3  indicate  that  the  mass  flow 
through  the  cloth  increases  with  the  differential  pressure. 

One  may  assume  that  this  relationship  will  exist  in  a  mono¬ 
tonic  manner  until  the  critical  pressure  differential  is 
reached  at  which  the  velocity  through  the  orifices  reaches 
the  sp»eed  of  sound.  A  further  increase  of  the  differential 
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pressure  will  then  not  further  increase  the  air  velocity. 
Therefore,  it  appears  to  be  advisable  to  study  the  flow  with 
respect  to  the  incompressible  and  compressible  flow  regimes 

If  one  first  considers  incompressible  flow,  one  may 
assume  that  the  air  flows  through  the  fine  orifices  of  a 
relatively  thick  cloth  somewhat  like  through  a  pipe  in  which 
the  motion  is  neither  completely  laminar  nor  fully  turbulent 
Therefore,  an  analysis  of  the  two  ho  cases  seems  to  be 
in  order. 

For  fully  developed  minar  flow,  Hagen-Poiseuille 's 
law  with  following  relat-  unship  would  be  applicable: 


AP  = 


128  (iLQ 
tD4 


(4.1) 


in  which  L  *»  Lengtn  of  the  tube 

D  =  Diameter  of  the  tube. 

p 

With  Q  -  U  7rD  /4,  the  average  velocity  in  the  pipe  may  be 


written 


U  = 


Ap. 


(4.2) 
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If  the  Hagen-Poiseuille  relationship  is  applicable, 
one  may  present  the  effective  porosity  as 

D2 


C  = 


_u_  . 


32, 


'  /zm: 

.L  V  2 


(4.3) 


and  specifically  for  sea  level  density 
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C  =  JJ-  _D_^/SS 

0  [vjo  32^L  V  ^ 


(4.3a) 


For  the  first  approximation  one  may  set  p.  =  p.0  . 
Then  the  effective  porosity  for  any  altitude  with  p  /po 
and  for  the  same  differential  pressure  may  be  written 


C  =  C0  <r? 


(4.4) 


A  similar  analysis  may  be  made  for  the  assumption  of  fully 
developed  turbulent  flow.  With  ''‘he  Blasius  formula  (Ref  l) 


AP ,  X  p  , . 
L  "  o  2  u 


(4.5) 


X=  0.3164  (  ) 


(4.6) 


the  velocity  fo1 lows  as 


<^3)T 


(4.7) 


A. 

Using  V  =  (2Ap//s  )?  and  the  subscript  zero  for  sea  level 


density,  the  effective  porosity  C  may  be  written 


(4.8) 


With  ii-M  ,  and  for  the  same  differential  pressure,  one 

rO 

obtains  for  fully  developed  turbulent  flow 


C=  Co  o- 14 


(4.9) 
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The  assumption  of  both  laminar  and  turbulent  flow  in  the 
region  of  incompressibility  leads  to  a  relationship  of  the 
form 


C  =  Coan,  (4.10) 

and  it  is  now  the  objective  of  experiments  to  establish  the 
value  of  the  exponent  ,!n"  for  various  types  of  parachute 
ma  fcerial . 

When  the  differential  prea, _ _  ,?>,  reaches  or 

exceeds  the  critical  value,  out  may  assume  fnat  sonic  flow 
through  the  orifices  is  estat  .±shea;  any  additional  pressure 
will  not  c'<  se  a  further  inc-  ase  of  the  flow  velocity,  and 
beginning  at  this  point  the  effective  porosity  will  decline 
when  the  pressure  increases.  These  conditions  will  occur 
in  all  transonic  and  supersonic  parachute  operations.  There¬ 
fore  it  appears  to  be  advisable  to  introduce,  besides  the 
density  ratio  a-  ,  the  pressure  ratio  Ap/APcri£  as  a 
significant  parameter. 

Disregarding  secondary  effects  such  as  discharge 
coefficients,  g..  ^metric  porosity,  etc.,  one  may  expect  that 
also  in  the  regime  of  compressible  flow  the  effective  porosity 
may  be  conveniently  expressed  in  the  form  C  =  CQcr  n. 

However,  the  numerical  value  of  the  exponent  "n"  will  pro¬ 
bably  differ  from  the  one  found  for  the  incompressible  flow 
regime . 


Measurements  or  the  affective  Porosity 


iL-JL 

In  view  of  the  analysis  above,  the  effective  porosity 
of  four  standard  textile  materials  was  measured  by  means  of 
the  apparatus  shown  in  Fig  4-5-  Figures  4-6  through  4-13 
show  their  effective  porosity,  C,  as  a  function  of  the  density 
ratio,  cr  .  and  the  pressure  ratio,  a?/aPct^-.»  respectively. 
It  may  be  pointed  ou^  that  the  density  ratio  is  related  to 
the  free  stream  conditions  downstream  of  the  porous  screen. 
Figures  4-l4  and  4-15  are  si’*4"'  'c^rdings  for  a  wire 
screen  with  a  nominal  po.v:  xty  in  tht  ^rder  cf  the  cloth 


porosities.  The  wire  st  .sen  has  been  incorporated  in  the 
study  ‘  scause  the  texti"  screens  may  change  their  geometry 
under  the  pressure  loading  and  therefore  their  porosity 
reflects  not  only  Reynolds  and  Mach  number  effects  but  also 
unknown  consequences  of  the  elasticity  of  the  cloth. 

As  can  be  seen,  the  wire  screen  shows  the  same 
characteristics  as  the  more  elastic  textile  screens,  and  it 


appears  to  be  justified  to  assume  that  for  the  investigated 
parachute  materials  the  elasticity  is  of  secondary  signifi¬ 


cance  . 


For  the  analysis  of  the  phenomenon  which  actually 
takes  place,  it  may  be  said  that  the  Figs  4-6  through  4-13 
reflect  the  influence  of  Reynolds  as  well  as  Mach  number. 

For  example,  it  can  be  seen  that  the  effective  porosity  versus 
cr  for  pressure  differentials  Ap/Apcrit  befcween  0.1  and 
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FIG  4-5.  POROSITY  MEASURING  APPARATUS 
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FIG  4-8.  EFFECTIVE  POROSITY  .VERSUS  FIG  4-9.  EFFECTIVE  POROSITY  VERSUS  DENSITY 

DENSITY  RATIO  RATIO 
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FIG 4-13.  EFFECTIVE  POROSITY  VERSUS  PRESSURE  RATIO 


:G  4-15.  EFFECTIVE  POROSITY  OF  A  WIRE  SCREEN  VERSUS  PRESSURE 

RATIO 


0.4  is  essentially  the  same.  These  curves  are  related  to 
the  incompressible  flow  regime  and  the  variation  of  the 
effective  porosity  is  primarily  a  Reynolds  number  effect. 

In  the  region  of  higher  pressure  differentials,  in  which 
AP/ APcrit  approaches  or  exceeds  unity,  a  certain  change  in 
the  absolute  value  of  the  effective  porosity  as  well  as  a 
change  in  slopes  50/ do- and  dC/d^^r- .^can  be  observed.  This 
may  be  understood  in  view  of  the  fact  that  in  the  regime  of 
compressible  flow  the  Mach  numbe  becomes  in  general  more 
influencial  than  the  Reynold'-  number,  "arthermore,  it  can 
be  shown  that  the  experir  \tal  results  are  in  agreement  with 
analytical  predictions  ba  ;ed  on  the  assumption  that  the  flow 
through  the  orifices  can  /e  treated  like  sonic  flow  tb/ough 
converging  nozzles.  Details  of  this  analysis  are  omitted 
because  they  wov Id  exceed  the  purpose  of  this  discussion. 

Figures  4-6  through  4-13  indicate  that  at  present 
merely  a  limited  amount  of  data  is  available.  However,  the 
change  of  effective  porosity  is  by  its  nature  primarily 
important  at  higher  altitudes  represented  by  lower  values 
of  o-  .  Therefore,  it  may  be  acceptable  at  this  time  to 
consider  merely  the  effective  porosities  related  to  values 
of  a  <0,5.  With  this  restriction,  the  slope  dC/dcr  versus 
Ap/  APcrit  has  been  extracted  from  Figs  4-6  through  4-9  and 
is  presented  in  Fig  4-1 6.  It  can  be  seen  that  the  flow 
through  the  cloth  varies  significantly  with  the  pressure 
differential. 


51 


EXPERIMENTAL  VALUES  OF  EXPONENT  n' VERSUS 

PRESSURE  RATIO 


In  the  regime  of  incompressibility,  with  Ap/ApOT>1t 
between  0.1  and  0.4,  some  materials  indicate  a  change  of 
slope  at  relatively  high  density  ratios.  This  may  or  may 
not  be  related  to  a  change  of  cloth  geometry  and  this  section 
of  the  curves  is  disregarded  in  the  presentation  of  n  versus 
Ap/APcr;i^  in  Pig  4-l6.  In  actual  cases  the  effective 
porosity  for  this  region  may  be  read  from  Pigs  4-6  through 
4-9  if  necessary. 

In  summary,  this  investigation  shows  that  the 
effective  porosity  of  woven  sheet®  ^‘■•'creases  with  decreasing 
density  and/or  increasing  pr°.c  .ure  rati  Figures  4-6 
through  4-9  are  suitable  f.  a  direct  reading  of  the 
effective  porosity  for  the  ^articular  conditions,  while 
Pig  4-l6  in  connection  wit>  equation  (4.10)  permits  the 
calculation  of  the  effective  porosity,  C,  provided  that  the 
related  porosity  under  sea  level  conditions,  CQj  is  known. 
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SECTION  5 


SIMPLIFIED  TREATMENT  OF  THE  DYNAMICS 
OF  THE  OPENING  PARACHUTE 

5.0  Introduction 

The  method  of  the  parachute  opening  shock  calculation 
shown  in  the  present  and  the  preceding  editions  of  the  Air 
Force  Parachute  Handbook  (WADC  TR  55-265)  provides  in 
general  satisfactory  results  if  the  'r-^oximate  filling  time 
is  known .  However,  it  must  bo  realized  t  .t  actually  the 
determination  of  the  filling  ime  is  an  essential  part  of 
the  openin'7  shock  problem  it1  =lf,  and  if  the  filling  time 
has  to  be  guessed  or  assumed,  the  success  of  the  conventional 
method  depends  on  the  personal  experience,  related  information, 
or  the  good  luck  of  the  parachute  engineer. 

Several  authors  (Refs  7,  8,  and  18)  have  proposed 
strictly  analytical  methods  to  calculate  the  opening  time 
and  the  opening  force.  However,  in  an  attempt  to  make  these 
methods  as  perfect  and  as  logical  as  possible,  they  have 
become  very  cumbersome,  a  number  of  essential  parameters  are 
presently  not  available  and  it  appears  to  be  very  difficult 
to  obtain  them  with  a  satisfactory  accuracy.  The  consequence 
of  these  circumstances  is  that  those  methods  have  not  been 
reduced  to  practice  and  have  not  been  checked  out  against 
experimental  results.  A  newer  attempt  is  represented  in 
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Ref  19 ,  however,  this  method  is  somewhat  specialized  for 
ribbon  parachutes  and  so  far  has  not  been  reduced  to  general 
practice  either. 

In  the  following  a  new  analytical  method  is  presented 
which  adopts  the  concept  initially  porposed  in  Ref  7 ,  but 
includes  one  basic  and  simplifying  assumption,  namely,  it  is 
assumed  that  during  the  inflation  process  the  drag  area  of 
fche  parachute  increases  with  respect  to  time  in  either  a 
linear  or  simple  parabolic  manne-~  ^  ^-he  basis  of  this 
assumption  a  number  of  govern '.ig  relatio  ?hips  can  be  est¬ 
ablished,  and  an  analytical  lethod  has  been  devised  which 
provides  1th  a  reasonable  r.ount  of  effort  numerical  values 
for  the  filling  time  as  wel.  as  a  force -time  relationship. 

For  a  linear  relationship,  this  method  is  relatively  simple, 
and  will  be  presented  in  the  following  sections  of  this  report. 

5.1  List  of  Symbols 

a  =  Speed  of  sound  (ft/sec) 

A  =  Constant  =  WxlO  /20  gcrDQ 

B  =  Constant  =  120(CpS)maxtf/Do3 

c  Effective  porosity  =  u/v 

Cp  =  Drag  coefficient  of  parachute 

CpS  =  Drag  area  of  inflating  parachute  canopy  (ft  ) 

d  =  Diameter  of  canopy  mouth 

D  =  Projected  diameter  of  canopy  during  inflation  (ft) 
Dq  =  Flat  diameter  of  parachute  canopy  (ft) 
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g  =  Acceleration  due  to  Earth's  gravity  (ft/sec  ) 

K  =  Apparent  mass  coefficient 

L  =  Length  of  suspension  lines  (ft) 
s 

=  Included  mass  (slugs) 
nr  =  Apparent  mass  (slugs) 

cl 

M  -  Mach  number 

p  =  Atmospheric  pressure  (ib/ft^) 

p^  =  Total  pressure  (ib/ft  ) 

P  =  Instantaneous  open-  0  '•  .  ,e  (lb) 

S  =  Projected  area  canopy  during  inflation  (ft  ) 
t^,  =  Filling  time  sec) 

T  =  ratio  of  inst  itaneous  time  to  filling  time  = 

=  tAf 

u  =  Velocity  of  flow  through  canopy  roof  (ft/sec) 

v  =  Velocity  during  inflation  (ft/sec) 

v.  =  Velocity  of  flow  through  canopy  mouth  (ft/sec) 

-Lii 

vQ  =  Velocity  at  the  beginning  of  inflation  (ft/sec) 
V  =  Canopy  volume  during  inflation  (ft*5) 

W  =  Weight  of  suspended  load  (lbs) 

^  =  .ir  density  (slugs/ft^) 

a-  =  Standard  Atmosphere  density  ratio. 

5.2  The  Filling  Time 

The  time  of  inflation  of  a  parachute  canopy  depends 
on  the  mass  of  air  flowing  into  the  canopy  and  the  amount  of 
air  which  is  lost  through  the  porous  material  of  the  canopy. 
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The  influx  of  air  depends  on  the  instantaneous  relative 
velocity  and  the  loss  of  air  on  the  differential  pressure, 
and  the  inflation  of  the  parachute  becomes  a  natter  of  a  mass 
balance.  The  instantaneous  velocity  as  well  as  the  related 
pressure  differential  follow  from  the  equation  of  motion 
based  on  Newton's  second  law.  Therefore,  one  say  say  that 
the  filling  time  is  a  function  of  the  mass  balance  and  the 
equation  of  motion. 

In  addition  to  these  two  basic  functions,  one  has  to 
assume  a  certain  idealized  sK  •  ‘‘he  canopy  during  its 
inflation.  This  shape,  w t.  sh  was  fir.. .  proposed  -in  Ref  7, 
is  presented  in  Pig  5-1. 

The  mass  balance  '-an  be  expi'essea  as 


Ac  a  rxrot  aspr&sicatlgn,  one  nay  assure  the  veloeity- 


time  relationship 


Vi-  _  ,  4 


(5.2) 


With  the  symbols  as  defined  in  the  list  of  symbols 
and  with  the  schematic  fort  of  the  inflating  cano py  (Fig  5-l)j 
sue  nay  establish  for  the  instantaneous  projected  diameter 


and  the  mouth  diameter,  the  relationships 


0--^-  t'/2 


(5.3) 


4LS  sT 


2Ls+r  0.  T»/2 


(5-*0 


Details  of  the  derivation  of  these  and  following  terras  are 
shown  in  i»efs  20  and  21. 

Substituting  these  values  into  equation  (5-l)  gives 


[  /  4LsD.T^  f  2  w 

v(i-T)tf  —  _ - _ 1  2cDo T  _  d  V  c') 

VU  N  1 2Lc-rD«-D»TW?l  ^ 

II—  *  f  •  U  I 


The  squared  term  in  equation  (5-5)  represents  the  diameter  of 
the  mouth  inlet,  which  can  be  simplified  if  the  length  of 

4-V.f-k  oiinw/syir-?  r\v>  "1  »-  *»o  •?  c  oamoI  frt  f  V\p  nnwi  nol  ni  omcf  ov»  T) 

VilO  OUOMUliUjkVil  AV/  VUMUA  VW  Vut  VtAVMt.w  */VA  -  • 


This  simplification  gives 


4LsD«.Tl/2 

7T 

2Ls+Do-DoT''2 


4  Do  t'/2 

7T 

3-  V'Z 


(5.6) 
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Since  the  solution  cf  the  mass  balance  incorporates  an 
integration,  it  is  desirable  to  simplify  the  term  for  the 
inlet  diameter  further,  which  could  be  done  satisfactorily 
with  the  relationship  (Ref  6) 


d  =  £-  DoT^3  (5.7) 

Combining  equations  (5.5)  and  (5-7)  provides 

-|r  *f  v  jO-T)T4/3  -2cT(|-Tj  =  (5.8) 

5.3  The  Filling  Time  the  Infi  re  Mass  Case 

If,  during  the  .  ocess  of  inflation,  the  velocity  of 
the  ma*s -parachute  syst-  n  Is  nearly  constant,  equation  (5.8) 
can  be  simply  Integrate*  to  obtain 


tf  = 


2  Do 


3^ifo(9/70-  c/3) 


(5.9) 


5.4  The  Finite  Mass  Case 


The  instantaneous  velocity  of  the  mass -parachute 
system  varies  considerably  in  the  finite  mass  case this 


must  be  considered  in  the  solution  of  equation  (5.8).  The 
decelerating  force  in  this  case  is  the  aerodynamic  drag 
which  Is  primarily  developed  by  the  parachute.  The  mass 
under  deceleration  Is  the  suspended  weight,  the  mass  of  air 
included  in  the  parachute  canopy,  and  the  apparent  mass  (Ref 
22). 


From  the  geometry  of  the  inflating  parachute  the 
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Included  mass  car.  ce  calculated  from 


V*  ^bUJ  Ve-T'-s,2  -|.lj .  (5.10) 


Ir.  vi:;-:  cf  a  future  integration,  it  is  desirable  to  simplify 
aM;  t;rr.,  ::hi can  be  done  in  a  satisfactory  manner  by 
uji:»_  ai;  iii Zv.-.li^tii': pai-abula  toee  Ref  21).  file  included 
mast  then  becomes 


:  =  Zt Pal,  fi  n=;p-  -/ 

1.62 


mi  =  itfd  °  [1-058 


(5.11) 


The  apparent  mass  is  .-equently  used  in  theoretical 
aerodynamic  and  can  be  calci:  .ated  for  a  few  ideal  bodies. 
In  general,  the  apparent  mas:  can  be  presented  in  the  form 
as  sho;-<n  in  equation  (5.12),  where  K  is  an  experimental 
factor  v:hich  for  fu^ly  inflated  solid  fiat  parachutes  made 
out  of  porous  materials  is  approximately  K  =  0.25  (Ref  12) 


mQ=  K^R lp. 


(5.12) 


During  its  period  of  inflation,  the  parachute  will  have  a 
varying  and  different  experimental  parameter,  K,  and  for  the 
purpose  of  this  simplified  method  it  may  be  assumed  that  a 
satisfactory  approximation  is 


K=  0.25T. 


(5.13) 


6c 


Combining  the  diameter-time  relationship  shovm  in  equation 
(5.3)  and  K  from  equation  (5.12),  the  apparent  mass  becomes 


—  _/>D(,3t5£ 

,,so— 4»zT  . 


(5-14) 


Expressing  Newton 1  s  second  law  in  terms  of  the  sus¬ 
pended  v;eight,  the  included  air,  the  apparent  mass,  the 
aerodynamic  drag,  and  applying  certain  acceptable  simpli¬ 
fications,  one  obtains  the  equation  of  motion 


2[l^3*ll25r!-i7-*22.5v=  (5.i5) 

(Detail'  of  these  simplif  nations  and  other  operations  are 
given  in  Ref  20 ).  This  equation  can  be  integrated  and  provides 
the  instantaneous  velocity 


|i^2[(ll25T»«ln!!2pa-a25T]*Ka!A 


(5.16) 


•Substituting  the  instantaneous  velocity  in  the  original  mass 
balance  equation,  [equation  (5-3)]  ,  provides  a  new  form  of 
the  same  equation  which  can  now  be  used  to  determine  the 
filling  time,  tf: 


Vmox  1  phi^_  [(i.T)T%_2cT(I -1^  dT 


/dVr/  dT 

0  °  [(II25T +A) ln  -  ii.25t] + • 


(5.17) 


61 


The  right  hand  side  of  this  equation  cannot  rigor¬ 
ously  be  integrated  without  applying  too  far  reaching  simp¬ 
lifications,  and  a  graphical  numerical  method  is  recommended. 
5.5  Calculation  of  the  Opening  Force 

The  equation  of  motion  [equation  (5.15)]  can  be 
written  in  the  form 


rfv  _  v(22.5+  BTv) 
di  ‘  2(A+II.25T)  > 


where  A  and  B  are  terms  defined  i.  •  .  ',&t  of  symbols.  With 
=tr-^p-,  the  force  exerted  v  jn  the  suspended  weight  is 


D-WLi_riiL5±  ’Ill 
‘  “2gtf  LA+I!.2f  r  J  • 


(5.19) 


By  varying  T  in  suitable  inti' avals  between  0  and  1,  the 
force -time  history  of  the  parachute  can  now  be  calculated 
from  equation  (5.19)  and  the  maximum  force,  the  so-called 
opening  shock,  can  be  determined. 

5.6  Comparison  of  Experimental  and  Calculated  Values 

The  determination  of  opening  shock  and  opening  time 
has  been  the  subject  of  several  experimental  efforts,  and 
Ref  10  describe  such  a  study  in  which  parachutes  of  dif¬ 
ferent  types  have  been  investigated  with  respect  to  launching 
velocity  and  altitude.  In  view  of  the  experimental  information 
presented  in  Ref  10,  a  number  of  similar  cases  have  been 
calculated  as  described  in  the  preceding  sections.  The 
results  of  the  experimental  (Ref  10 )  and  analytical  efforts 
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are  presented  in  Figs  5-2  through  5-7. 

A  review  of  these  figures  indicates  that  a  certain 
discrepancy  exists  between  experimental  and  calculated  results; 
however,  it  will  be  noted  that  the  order  of  magnitude  of  the 
numerical  values  as  well  as  the  principal  trends  of  the 
phenomena  appear  to  be  in  agreement. 

One  situation  makes  a  comparison  very  difficult, 
namely,  the  experimental  results  are  all  related  to  the 
launching  velocity  while  the  Ci_~^-..c  .on  of  the  opening  times 
and  opening  forces  begins  v'  *h  the  instantaneous  velocity  of 
the  system  when  the  paraci  ice  begins  to  inflate.  For  the 
purpose  f  comparison,  it  as  therefore  necessary  to  calculate 
for  the  cases  presented  ir.  Ref  10  the  velocity  at  the  instance 
of  parachute  inflation.  This  velocity  was  then  used  as  the 
initial  velocity  for  the  analytical  determination  of  the 
filling  time  and  the  opening  force.  In  view  of  the  uncert¬ 
ainty  v/hic'n  necessarily  exists  in  the  calculation  of  such 
an  assumed  velocity  increment,  one  must  consider  the  basis 
of  comparison  between  experimental  and  analytical  results  as 
not  complete-/  satisfactory.  A  shift  of  the  respective  curves 
can  improve  or  deteriorate  the  agreement  presented  in  the 
Figs  5-2  through  5-7.  In  general,  however,  it  appears  that 
the  presented  analytical  method  is  a  workable  one  and  that  the 
results  appear  to  bear  some  real  significance. 

Further  efforts  are  now  being  made  in  which  the 
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numerical  results  of  the  analytical  method  based  on  a  para¬ 
bolic  increase  of  drag  area  versus  time  will  be  compared 
with  experimental  evidence.  In  addition,  the  validity  of 
the  experimental  data  in  view  of  its  value  as  basis  of 
comparison  is  under  investigation. 


SECTION  6 


MODIFICATION  OF  THE  OPENING  SHOCK 
CHARACTERISTICS  OF  PARACHUTES 

The  classical  problem  of  a  parachute  application  is 
to  reduce  the  launching  speed  of  the  suspended  load  to  its 
equilibrium  velocity  in  a  relatively  short  time  with  a 
moderate  maximum  force. 

An  analysis  of  the  filler"  ''cess  indicates  that  in 
the  initial  phase  of  inf  lather  ,  most  pa  chutes  assume  the 
shape  of  a  slender  truncat  cone.,  capped  by  a  hemisphere. 
During  t’*’s  phase,  the  inf?  vtion  progresses  very  slowly  and 
the  retarding  force  is  relatively  low.  The  maximum  force, 
the  so-called  opening  shock,  occurs  when  the  parachute  has 
attained  approximately  2/3  of  its  final  size. 

The  slow  progress  of  inflation  at  its  early  phase  is 
partially  due  to  a  certain  venturi  effect  established  by  the 


cone  and  the  vent  hole  in  the  apex  as  well  as  through  the 
cloth  itself  In  order  to  reduce  the  filling  time  without 
causing  an  increase  of  the  opening  shock,  it  was  theorized 
that  it  might  be  possible  to  reduce  the  venturi  effect  by 
means  of  an  obstruction  in  the  inlet  area,  which  would  tend 
to  develop  locally  higher  pressure  and  thereby  promote  a 
spreading  of  the  lower  rim  of  the  canopy  which  in  turn  would 
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expedite  the  filling  of  the  parachute.  With  the  proper  form, 
size,  and  location  of  this  obstruction  it  appears  possible 
to  shorten  the  initial,  time-wasting  phase  of  the  inflation 
without  affecting  the  maximum  opening  force,  which  occurs 
at  a  later  instant. 

It  is  apparent  that  this  method  would  be  particularly 
effective  with  parachutes  which  have  a  relatively  long 
initial  phase  of  inflation. 

In  order  to  check  these  sp  'culations,  wind  tunnel 
experiments  were  made  in  which  a  large ^  )  'imary  parachute 
was  suspended,  and  as  obst’-  ction  a  much  smaller  parachute 
was  arranged  in  its  mouth  «rea.  Initially  both  parachutes 
were  reefed,  and  after  ati  .  .ning  the  desired  air  velocity, 
both  parachutes  were  disreefed.  The  opening  force  and  rate 
of  inflation  of  both  parachutes  was  recorded.  Figures  6-1 
and  6-2  show  the  general  am  .lgement  and  the  reproducibility 
of  the  force -time  history,  respectively. 

After  some  exploratory  experiments,  a  certain  optimum 
arrangement  concerning  size  and  location  of  the  secondary 
parachute  was  established.  The  principal  effect  of  the 
modification  can  be  seen  in  Figs  6-3  and  6-4.  One  recognizes 
that  by  means  of  the  secondary  parachute  the  entire  opening 
process  is  accomplished  in  a  shorter  time  with  out  signif¬ 
icant  increase  of  the  opening  force. 
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FIG  6-1.  TEST  SECTION  AND  ARRANGEMENT  FOR  OPENING 
SHOCK  STUDIES  (INFINITE  MASS  CASE) 
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FIG  6-2.  OPENING  FORCE -TIME  HISTORIES  OF  A  CIRCULAR 
FLAT  PRIMARY  PARACHUTE  ALONE 
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FIG  6-3.  DELATION  CHARAC"  RISTICS  OF  A  SOLID  FLAT  PARA¬ 
CHUTE  WITH  AND  WITHO-  f  SECONDARY  PARACHUTE 
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FIG 6-4.  INFLATION  CHARACTERISTICS  OF  A  PERSONNEL  GUIDE 
SURFACE  PARACHUTE  WITH  AND  WITHOUT  SECONDARY 
PARACHUTE 


More  complete  information  concerning  the  character¬ 
istics  and  effectiveness  of  the  system  is  given  in  Pigs 
*5-5  and  6-5.  It  can  be  seen,  for  example,  that  Tor  the 
personnel  guide  surface  parachute,  which  has  a  particularly 
long  imtiul  pnase ,  tnc  cpcnrng  time  has  seen  reuuced  to 
6£-/3  of  the  value  of  the  unmodified  parachute,  while  the 
opening  force  has  been  increased  by  only  3^- 

Figure  5-7  illustrates  the  force-time  history  of  both 
the  primary  ana  the  secondary  parachutes.  We  see  that  the 


maximum  force  of  the  secondary  pa .  ">ute  amounts  to  about 
3^  of  shat  of  the  primary  par**  ;hute.  .  •-t'nermore,  it  has 
been  observed  and  confirm  by  the  force  recordings  that  the 
secondare  parachute  collar  es  when  the  primary  parachute 
approaches  its  final  size. 

In  view  of  the  importance  of  the  indicated  tendencies, 
drop  tests  were  i.iade  as  soon  as  sufficient  laboratory  data 
was  available,  and  so  far  the  expectations  based  on  the  wind 
tunnel  studies  have  been  satisfactorily  confirmed  (Ref  23) . 
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Only  through  the  addition  of  a  small  secondary  parachute  did 
the  originally  slower  opening  guide  surface  parachute  inflate 
faster  than  a  comparable  but  unmodified  circular  flat 
parachute.  The  opening  force  was  insignificantly  affected. 
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FIG  6-5  GPEMNG  TIME  AN.'  OPENING  FORCE  VERSUS 
LOCATION  OF  THE  SB.  ONDARY  PARACHUTE  FOR  A 
CIRCULAR  FI  \T  PRIMARY  PARACHUTE 


L/0-% 

FIG  6-6.  OPENING  TIME  AND  OPENING  FORCE  VERSUS 
LOCATION  OF  THE  SECONDARY  PARACHUTE  FOR  A 
PERSONNEL  GUIDE  SURFACE  PRIMARY  PARACHUTE 
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SECONDARY  PARACHUTE 
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